Lessons learned from applying a forest gap model to understand ecosystem and carbon dynamics of complex tropical forests  by Fischer, Rico et al.
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Forests  worldwide  are  threatened  by  various  environmental  and anthropogenic  hazards,  especially  trop-
ical  forests.  Knowledge  on  the  impacts  of  these  hazards  on forest  structure  and dynamics  has  been
compiled  in empirical  studies.  However,  the  results  of these  studies  are  often  not  sufﬁcient  for long-
term  projections  and  extrapolations  to  large  spatial  scales  especially  for unprecedented  environmental
conditions,  which  require  both  the  identiﬁcation  and  understanding  of  key  underlying  processes.  For-
est models  bridge  this  gap  by  incorporating  multiple  ecological  processes  in  a  dynamic  framework  (i.e.
including  a realistic  model  structure)  and  addressing  the complexity  of  forest  ecosystems.  Here,  we
describe the  evolution  of the  individual-based  and  process-based  forest  gap  model  FORMIND  and  its
application  to tropical  forests.  At  its core,  the  model  includes  physiological  processes  on tree  level  (pho-
tosynthesis,  respiration,  tree growth,  mortality,  regeneration,  competition).  During  the  past  two  decades,
FORMIND  has  been  used  to address  various  scientiﬁc  questions  arising  from  different  forest  types  by con-
tinuously  extending  the model  structure.  The  model  applications  thus  provided  understanding  in three
main  aspects:  (1) the  grouping  of single  tree  species  into  plant  functional  types  is  a successful  approach
to  reduce  complexity  in vegetation  models,  (2)  structural  realism  was  necessary  to  analyze  impacts  of
natural  and  anthropogenic  disturbances  such  as  logging,  fragmentation,  or drought,  and  (3)  complex
ecological  processes  such  as  carbon  ﬂuxes  in  tropical  forests  – starting  from  the individual  tree level  up
to the  entire  forest  ecosystem  – can be  explored  as a  function  of forest  structure,  species  composition
and  disturbance  regime.  Overall,  this  review  shows  how  the evolution  of  long-term  modelling  projects
not  only  provides  scientiﬁc  understanding  of forest  ecosystems,  but also  provides  beneﬁts  for  ecological
y  de
ublistheory  and  empirical  stud
© 2015  The  Authors.  P
. IntroductionApproximately 25% of Earth’s land surface is covered by forests
hat harbor more than 70% of all terrestrial species (Gibson et al.,
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304-3800/© 2015 The Authors. Published by Elsevier B.V. This is an open access article usign.
hed  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).
2011; Myers et al., 2000; Pimm et al., 2014). Forests contain a huge
amount of terrestrial biomass and are therefore an important part
of the terrestrial carbon cycle (Grace et al., 2014; Bonan, 2008).
One important factor affecting forest ecosystems is land use. In
particular, deforestation poses a major threat to forest ecosystems.
Between 2000 and 2012, a loss of 12 million hectares of forest per
year was  observed, the majority (32%) in tropical forests (Hansen
et al., 2013). Degradation of forests caused by tree harvesting
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Ticktin, 2004), fragmentation (Laurance et al., 2011) as well
s climate change (IPCC, 2013) pose additional risks to forests
orldwide. Forest loss and degradation result in additional carbon
missions being responsible for about 10% of all anthropogenic
arbon emissions (Le Quéré et al., 2015; IPCC, 2013). These pro-
esses are also the main drivers of species extinctions (Ceballos
t al., 2015). Impacts of disturbances and climate change have been
nvestigated in various ﬁeld studies (e.g., Debinski and Holt, 2000;
awton et al., 1998; Anderson-Teixeira et al., 2015). However, to
roject forest development in the future and to better understand
he impacts of multiple anthropogenic threats, ecological models
re important tools (Shugart, 2003).
Forest models have a long tradition in ecology and forestry.
tarting from simple forest-yield tables in 1787 (Moser, 1980), the
ncorporation of mathematical equations (representing multiple
nteracting ecological processes) led in the 1970s to novel types
f simulation models, including forest gap models (Botkin et al.,
972) and ﬁnally to the development of individual tree-based mod-
ls (Huston et al., 1988). This development was possible due to the
ncreasing availability of computers.
Gap models have been used to understand forest succession and
o investigate the mechanisms underlying the long-term dynam-
cs of forest ecosystems (Bugmann, 2001; Shugart, 1998, 2003;
otkin et al., 1972; Pretzsch, 2009). Initially, forest gap models were
pplied to temperate forests (Botkin et al., 1972; Bugmann, 2001;
hugart, 1984). For more complex forests found in the tropics, gap
odels need to account for higher species-richness than in temper-
te regions. Additionally, unmanaged forests normally consist of
atches in different successional stages. Their dynamics are mainly
overned by the disturbance events of falling trees creating gaps.
oreover, human-induced disturbances (e.g., logging or fragmen-
ation) affect the overall dynamics of forests in many regions of the
orld. To include these processes, gap models needed to comprise
omplexity and structural realism with efﬁcient computing.
Here, we summarize the main achievements of applying the
orest gap model FORMIND to complex tropical forests with high
pecies richness, heterogenic structure and dense vegetation. This
eview addresses the following questions:
1) How can several hundred different tree species be included in
simulations for model applications in species-rich forests?
2) How can the effect of natural and anthropogenic disturbances
on forest structure and forest dynamics be simulated?
3) How can forest gap models help to project and assess the carbon
balance of forests?
. Developing a forest gap model for complex tropical
orests
The ﬁrst forest gap model JABOWA (Botkin et al., 1972) was
esigned for a temperate forest. It provided a baseline for the now
ell-established forest gap modeling paradigm. Gap models share
he following principles (Bugmann, 2001):
(i) Forests are represented as a collection of small patches. The
forest successional stage and age vary across patches.
(ii) Patches are independent of their neighborhoods and do not
interact with other patches. Thus, dynamic processes such as
tree recruitment, growth and mortality are calculated sepa-
rately for each patch.iii) All patches are homogeneous in size and resource level (i.e.,
light reaching the upper canopy). The size of one patch is usu-
ally chosen according to the extent of the largest possible tree
crown (e.g., 20 m × 20 m).  Intra- or interspeciﬁc interactionslling 326 (2016) 124–133 125
are simulated for all trees in a patch rather than tree-by-tree,
as tree positions are not included.
(iv) Leaves are modeled as thin disks on top of each tree. Trees
standing within one patch compete for light due to asymmetric
shading effects of larger tree canopies on smaller ones.
Many forest gap models were developed following the same
principles (Bugmann, 2001; Bossel and Krieger, 1994; Yan and
Shugart, 2005; Köhler and Huth, 1998). For example, in the FORET
model, the concepts of JABOWA were adapted to simulate the
diverse forests of the southern United States (Shugart and West,
1977). The FORSKA (Prentice and Leemans, 1990) and FORCLIM
models (Bugmann, 1996b) adopted the gap model approach to sim-
ulate forest dynamics of temperate forests in Europe. Building on
the FORET model, the FORICO model was one of the ﬁrst tropical for-
est gap models, which was  applied in a lower montane rainforest in
Puerto Rico (Doyle, 1981). Later, following the gap model approach,
FORMIX was  applied to tropical forests in South-East Asia (Bossel
and Krieger, 1991, 1994; Ditzer et al., 2000). FORMIX accounts for
biomass and tree numbers in ﬁve distinct canopy layers (each layer
has some representative trees similar to size class models).
FORMIND is the process- and individual-based successor of the
FORMIX model, in which the concept of distinct layers was  dis-
carded. FORMIND was developed in the late 1990’s to simulate
tropical forest dynamics more realistically than before (Köhler
and Huth, 1998, 2004; Köhler et al., 2000; full publication list
see Appendix A). Within FORMIND, physiological processes such
as photosynthesis and respiration are simulated at the tree level
(process-based model). Forests of several hundred hectares can be
simulated over a time period of a few centuries. The simulation area
is a composite of 20-m × 20-m patches typical for forest gap mod-
els. In FORMIND, these patches may  interact via seed dispersal and
the falling of large trees. The basic model consists of four main pro-
cesses: tree growth, tree mortality, recruitment of tree seedlings,
and competition between trees (Fig. 1, full model description see
Appendixes B–F). Due to its main application in tropical forests
lacking any pronounced seasonal cycle, the model architecture is
based on a time step of one year. In the following, we discuss the
main processes included in FORMIND.
Tree growth. Tree biomass growth is determined by a
physiology-based tree carbon balance that includes leaf photosyn-
thesis, maintenance and growth respiratory costs. An increase in
tree biomass results in increments in height, stem diameter, stem
volume and leaf area through the use of allometric relationships
(see Appendix G for details).
Tree mortality. In FORMIND, background mortality is generally
calculated stochastically from a mean annual mortality rate. Alter-
natively, the model also allows calculating mortality as a function
of tree size or stem diameter growth. In addition, trees compete for
space. Crowded stands are thinned, i.e., mortality rate is increased
if crowns of trees overlap. If large trees die, they have a certain
probability of falling over into neighboring patches, in which their
crowns smash smaller trees and create canopy gaps. Thus, trees
might die for various reasons (age, growth rate, space competition,
tree fall damage; see also Appendix E for details). All individual tree
mortalities are determined stochastically.
Recruitment. In FORMIND, trees emerge from seeds, which can
originate either from a surrounding forest (constant seed rain) or
from mother trees within the same forest stand. As seeds need a
certain amount of light to germinate, their development might be
hindered by shading effects on the forest ground. In that case, seeds
are accumulated in the soil of a patch (seedbank) for a certain time
until the light conditions are appropriate for germination. While
waiting for better light conditions, a fraction of the seeds die (seed
mortality). As soon as the light conditions change (e.g., through
126 R. Fischer et al. / Ecological Modelling 326 (2016) 124–133
Fig. 1. The basic concept of FORMIND (white) and its extensions required for certain applications (blue). Boxes show physiological and demographic processes with numbers
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ap creation), seeds can receive sufﬁcient light to germinate (see
ppendix D for more details).
Tree competition. In FORMIND, the competition between indi-
idual trees is threefold. First, tree growth is mainly driven by
ight. Large trees in a patch receive most of the incoming radia-
ion and gradually shade smaller trees, causing asymmetric light
ompetition. Second, trees compete symmetrically for space. Trees
n crowded patches are thinned by increasing mortality (Köhler
t al., 2001). Third, between neighboring patches, the gap created
y the falling of large trees increases the local mortality rates. Fur-
hermore, seed dispersal from mother trees leads to interactions
mong patches (see Appendix F for more details).
Each modeled process is ﬂexible enough to be parameter-
zed for a speciﬁc study site. It takes a site speciﬁc forest
nventory (including stem diameter measurements) and stem
iameter increment measurements to obtain values for model
arametrization. For site-speciﬁc adaptation of the model addi-
ional information is helpful. Uncertain parameter values can be
etermined by a calibration process using as reference inven-
ory data of mature forests (e.g. in some studies this has been
one for the recruitment rates). However, many parameters used
n the model are known from literature (at least their typical
anges). For example, in tropical forests, approximately 1–2% of
he standing trees die annually (Phillips and Gentry, 1994). In
he case of site speciﬁc measurements, these parameters can be
dapted.
Beside the modeled processes, three important aspects are
ncorporated into FORMIND which are intended to be applicable
o tropical forest sites. This distinguishes FORMIND from classical
orest gap models:
1) The high tree species-richness in tropical forests is accounted
for by the concept of plant functional types (PFTs), i.e., grouping
of tree species (see Section 2.1).
2) Disturbances, both on small and large scale, caused by either
natural reasons (e.g. tree falling, edge effects) or anthropogenicmation needed as input for the model. Light gray boxes refer to sections in this
nces to color in this ﬁgure legend, the reader is referred to the web  version of this
activity (e.g. tree logging) are investigated on their effects on
forest structure and dynamics (see Section 2.2).
(3) The simulation of the carbon balance of individual trees is based
on a detailed process-based approach that enables upscaling to
forest-wide carbon balances (see Section 2.3).
2.1. Consideration of tree species-rich forests: Plant functional
types
Tropical forests have high tree species richness with up to
300 tree species per hectare (Whitmore, 1998; Slik et al., 2015).
Modeling complex interactions between multiple tree species is
important to reproduce typical emerging forest structures such as
tree size distribution, species composition and aboveground forest
biomass (Köhler and Huth, 1998). However, including this com-
plexity (1) increases the effort for model parameterization, and (2)
increases model uncertainty for the lack of empirical data for most
tree species. To reduce model complexity, it is necessary to aggre-
gate the hundreds of tree species into a few classes or types in
a meaningful way. Field studies revealed that species often show
similar attributes (e.g., growth rate, seed production rates, mor-
tality rates), making it possible to classify similar tree species of
highly diverse tropical forests into species groups known as plant
functional types (PFT; Smith and Shugart, 1997). Following this
knowledge, in one of the ﬁrst FORMIND studies, all recorded tree
species were aggregated into ﬁve or 22 PFTs to analyze the impact
of species aggregation on tree competition and forest dynamics
(Köhler and Huth, 1998). Although ﬁve PFTs were considered suf-
ﬁcient to reproduce more aggregated variables such as stem size
distribution or basal area (Köhler et al., 2001), a higher number of
PFTs is needed to represent interspeciﬁc competition and extinc-
tion processes. The initial concept of grouping tropical tree species
into PFTs was later-on generalized in Köhler et al. (2000) based on
the two physiological attributes maximum tree height at maturity
and light requirement (or shade tolerance), that are assumed to be
independent from each other. In the application of this grouping
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oncept for tropical lowland rainforest in South–East Asia, three dif-
erent shade tolerance levels (shade-intolerant, intermediate and
hade-tolerant species) and ﬁve different height groups of adult
rees (shrubs, understory, lower and upper canopy, and emergent
pecies) have been distinguished leading ﬁnally to 13 PFTs that can
e found in tree species inventories (Köhler et al., 2000).
Note that ﬁnding a suitable number of PFTs for a speciﬁc
esearch question of a simulation study is not completely resolved
Kazmierczak et al., 2014) and there are challenges to transfer
he PFT classiﬁcation to other regions (Bugmann, 1996a; Picard
nd Franc, 2003). Additionally, species classiﬁcations might not be
nique for a certain study region as shown by Picard et al. (2012). In
his study ﬁve different classiﬁcation schemes were compared for
he same tropical forest in French Guiana: the schemes agreed on
he tree height classiﬁcation but differed with respect to the light
equirements of the trees.
Köhler and Huth (2007) showed that this PFT grouping might
lso be used to investigate questions on tropical tree species rich-
ess. They simulated the forest dynamics and species competition
f a tropical rainforest in South–East Asia with more than 400
ree species using the PFT-based parameterization as published
efore (Köhler and Huth, 2004). However, tree regeneration includ-
ng seed production was determined not for PFT, but tree species
peciﬁc. The study explored how recruitment limitation (Hubbell
t al., 1999) and disturbance intensity (i.e. intermediate disturbance
ypothesis; Connell, 1978) inﬂuence tropical tree species richness.
öhler and Huth (2007) demonstrated that both processes are
mportant for species richness in tropical forest. In addition, both
rocesses interact, and should therefore not be analyzed separately.
t a local level, an increase in recruitment limitation promotes
pecies richness, whereas the overall richness at the forest level
eclines.
In general, to tackle the high tree species richness in tropical
orests, species grouping offers a powerful technique to reduce
omplexity. In applications with FORMIND, we have shown that
his approach allows a realistic description of species dynamics in
orests (e.g., Köhler and Huth, 1998). The creation of these func-
ional groups is ﬂexible enough to include relevant differences
nd to avoid functional redundancy between species (Kazmierczak
t al., 2014). Future research could tackle the question of how many
FTs are appropriate to describe a speciﬁc forest (e.g., Picard et al.,
012). The results of future research in the ﬁeld of functional bio-
iversity can be used to improve the species grouping concept of
orest models.
.2. The impact of disturbances and logging on forest dynamics
Disturbance regimes and forest management play an important
ole for forests dynamics. Disturbances can occur on varied spatial
cales. Large-scale disturbances occur across several hectares (e.g.,
ildﬁre) and small-scale (local) disturbances occur within a few
eters (e.g., falling trees). Most gap models incorporate natural
isturbances, e.g., the falling of large trees, which creates new forest
aps. This tree fall process was included in FORMIND, including
hysical damages caused to surrounding trees. Surrounding trees
in the same or neighboring patches) are damaged depending on
he crown size of the falling tree and their own height (for details
ee Appendix E.3).
In addition to natural disturbances, logging poses a major threat
o tropical forests. One challenge is to evaluate whether a cer-
ain forest management practice is sustainable. Logging has been
ncluded in FORMIND, allowing users to simulate different log-
ing strategies and to explore their long-term impacts on forest
ynamics (Kammesheidt et al., 2001; Köhler and Huth, 2004). The
ndividual-based approach easily allows selecting single trees and
emoving them from the forest. Such a selection of single treeslling 326 (2016) 124–133 127
for logging typically depends on species group and stem diam-
eter (cutting limits). FORMIND provides two logging strategies:
conventional logging and reduced impact logging (RIL). RIL takes
into account substantial planning of the logging event. This refers
mainly to the direction in which the logged tree falls, i.e., toward
the largest gap, which reduces the damage and thus death of other
trees. Consequently, the falling tree causes the least amount of dam-
age to surrounding trees. The damage caused to surrounding trees
is similar to the natural tree falling (see above), but includes an
additional damage due to road building efforts etc. (for details see
Appendix I).
Using FORMIND, simulation studies conducted in Venezuela
(Kammesheidt et al., 2001) and Malaysia (Köhler and Huth, 2004;
Huth et al., 2004, 2005) showed the impact of different manage-
ment strategies on the yield and forest state. It was shown that long
logging cycles (>60 years) in combination with reduced-impact log-
ging strategies could signiﬁcantly reduce the negative long-term
impact of logging on forest carbon stocks. This strategy might be
applied as a compromise between economic and ecological inter-
ests (Huth et al., 2005). The results from another study conducted
in rainforests in South America demonstrated that legal logging
strategies (i.e., strip cuttings) severely altered the structure and
composition of old-growth stands (Rüger et al., 2007). Alternative
logging strategies that compromise between ecological and eco-
nomic interests have been proposed, for example, reliance on native
species and retention of an uneven-aged forest structure. This pro-
posed strategy promotes the maintenance of native biodiversity
and tree reproduction, and protects the forest ecosystem from
exotic species invasion (Rüger et al., 2007). Similar studies have
been conducted to investigate logging for forest sites in Mexico
(Rüger et al., 2008), Malaysia (Ditzer et al., 2000; Glauner et al.,
2003; Tietjen and Huth, 2006; Huth and Ditzer, 2001), Venezuela
(Kammesheidt et al., 2001) and Paraguay (Kammesheidt et al.,
2002). Based on these simulation experiments, an attempt was
made to estimate thresholds for logging intensities to maintain a
stable forest structure and species composition.
While logging can affect forest structure, forest conversion into
agricultural land leads to forest fragmentation (Skole and Tucker,
1993; Laurance et al., 1998). Empirical studies showed that for-
est fragments suffer from edge effects up to 300 m into the forest
(Laurance et al., 2002). These edge effects induce changes in the
microclimate, resulting in higher tree mortality (Laurance et al.,
2002). Therefore, such edge effects, i.e., higher mortality rates in
the edge area of a fragment, have been introduced into FORMIND
by increasing the background mortality and introducing extra mor-
tality for large trees within the ﬁrst 100 m of the forest edge to
represent changes in micro-climatic conditions and the impact
of wind turbulence (see Appendix E.4 for more details). Simu-
lations of forest fragmentation using FORMIND for forest stands
in French Guiana and the Mata Atlantica showed that standing
forest biomass was signiﬁcantly reduced by up to 60% compared
with non-fragmented forests (Pütz et al., 2011; Köhler et al.,
2003).
Simulating small isolated forest fragments instead of continuous
forests requires a concept of local tree regeneration. In this context,
we differentiate between two seed dispersal modes: (1) local dis-
persal, i.e. all seedlings are originated from fertile trees within the
simulated area and (2) external seed rain. Furthermore, Groeneveld
et al. (2009) found that negative density regulation for seedlings
was necessary to match empirical data from the Brazilian Atlantic
rainforest. We  have found that moderate density regulation is
essential to achieve coexistence for a broad range of regeneration
parameters. This ecological process is essential to increase struc-
tural realism when analyzing the impacts of forest fragmentation.
Without density regulation coexistence would be only possible in
the model for a small range of the regeneration parameters, which
128 R. Fischer et al. / Ecological Modelling 326 (2016) 124–133
Fig. 2. Forest succession and carbon stocks simulated using FORMIND. (a) Exemplary visualization of a simulated forest stand showing all trees with a stem diameter >10 cm
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A study of the long-term degradation trajectory of initially
ndisturbed forest fragments within the Atlantic Forest showed
hat increased tree mortality is the most important fragmenta-
ion process acting on forest edges (e.g., due to changes in seed
ispersal and micro climate; Pütz et al., 2011). Simulations with
ORMIND showed that the degradation process occurring in frag-
ented forests might last for approximately a century, and might
esult in aboveground carbon losses of more than 5 Mg  C ha−1 y−1,
nd changes in evapotranspiration (43% loss) and surface runoff
57% gain) at forest edges (Dantas de Paula et al., 2015).
In a nutshell, as the impact of disturbance events in forests is
ainly quantiﬁed at the tree level, an individual-based structure
s a huge advantage for simulating disturbances. This structural
ealism was the key driver for the successful application of the
ap model FORMIND for questions on forest management and
ragmentation. Other types of disturbances, such as landslides, for-
st wildﬁres, and windstorms, have also been found important to
ncrease structural realism of FORMIND (e.g., Rüger et al., 2007;
utiérrez and Huth, 2012; Dislich and Huth, 2012). An unanswered
uestion remains on how to upscale the forest gap models to larger
reas. For fragmentation one approach to link forest gap models
o remote sensing data for the whole Amazon rainforest has been
eveloped (see below). There is a strong need to develop methods
or a further integration of remote sensing and the simulation of
orest dynamics (Shugart et al., 2015).
.3. Simulating the carbon balance of tropical forests
The carbon balance of a tropical forest depends on its succes-
ional stage and the environmental conditions. Hence, the carbon
udget is variable at the local scale and forests might be a source or
 sink of atmospheric CO2 (Gatti et al., 2014; Morton et al., 2014).
o simulate the carbon balance of an entire forest, a physiologi-
al approach based on the growth of every single tree is essential.
ncluding this approach into FORMIND, it offers the possibility
or simulating the forest carbon balance at different successional
tages and under variable climate conditions as the model calcu-
ates the carbon balance for each individual tree.
.3.1. Carbon balance in a forest gap model
In contrast to many other forest gap models, FORMIND cal-
ulates the biomass increment via a tree carbon balance based
xplicitly on photosynthetic production and respiratory losses
Thornley and Johnson, 1990). Biomass production leads to tree 1 ha on Mt.  Kilimanjaro, Tanzania. We distinguished between shade-tolerant tree
 shade-tolerant species (Fischer et al., 2015). (c) Simulated amount of carbon in the
r a tropical forest on Mt.  Kilimanjaro, Tanzania (Fischer et al., 2015).
growth, which is predominantly driven by light in FORMIND
(details in Appendix G). Photosynthesis is calculated based on light
availability within the forest canopy (Thornley and Johnson, 1990),
whereby large trees shade smaller ones that grow in the same for-
est patch. This assumption differs from biogeochemical models in
which the assimilation of atmospheric CO2 is based on carbon pools
at the ecosystem level (e.g., dynamic global vegetation model LPJ,
Sitch et al., 2003). In FORMIND, respiratory costs are assumed to be
tree-size dependent. Recently, the model was extended to incor-
porate the decomposition processes of deadwood and soil carbon
(see Fig. 2; Details see Appendix H; Gutiérrez, 2010; Fischer et al.,
2014, 2015). The sum of these above- and belowground ﬂuxes con-
tributes to a more complete assessment of the carbon balance in
forest ecosystems (Figs. 2 and 3) and helps to identify the role of
successional stages in the local and regional carbon cycle and how it
might contribute to the global carbon budget. This approach allows
simulation experiments and complements complex ﬁeld measure-
ments (e.g., based on eddy-covariance techniques).
2.3.2. The impact of climate change on tropical forests
The inﬂuence of climate changes on forest carbon stocks and
ﬂuxes remains highly uncertain (Wang et al., 2014). The physi-
ological approach, as used in FORMIND, enables investigation of
the inﬂuence of variable climate conditions on the carbon bal-
ance of forest ecosystems. Several modules were implemented
in FORMIND by adopting the growth of single trees with respect
to climatic changes: temperature limitations of photosynthesis
and respiration (approaches from: Haxeltine and Prentice, 1996;
Prentice et al., 1993) and the inﬂuence of the soil water content
on photosynthesis (Details see Appendix F.2; Fischer et al., 2014;
Gutiérrez et al., 2014). The effect of changes in precipitation on
tropical forests was analyzed in a case study conducted in Mada-
gascar (Fischer et al., 2014). A decline in rainfall by more than 30%
reduced biomass by 20% and drought-intolerant species almost
went extinct. These effects can be ampliﬁed by additional stress fac-
tors, such as rising temperatures or tree harvesting. For rainforests
in South America, FORMIND simulations suggested that primary
old-growth forests will be reduced in aboveground biomass by 11%
whereas the net primary productivity might decrease by 30% in
the year 2100 due to increased drought conditions (Gutiérrez et al.,
2014).2.3.3. The carbon balance of tropical forests at a biome scale
Given the increasing availability of remote sensing data (e.g.
Ribeiro et al., 2009), FORMIND was recently applied at a regional
scale (i.e., the Amazon forest) by combining local ecological
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Fig. 3. Example of simulated forest carbon ﬂuxes. The mean carbon ﬂuxes of a simu-
lated old-growth tropical forest on Mt.  Kilimanjaro, Tanzania, are presented (Fischer
et  al., 2015). The colors indicate the different stocks and ﬂuxes. The color of the ﬂuxes
indicates the source of the ﬂux. From the atmosphere (blue), the greatest ﬂux goes
to  aboveground biomass (forest gross primary productivity). Aboveground biomass
(green) emits carbon back to the atmosphere due to tree respiration, and biomass
mortality to the deadwood pool. From the deadwood pool (red), carbon is emitted
to the atmosphere or to a slow (yellow) or fast (brown) decomposing soil carbon
stock. Carbon is emitted to the atmosphere from both soil stocks. The amount of
carbon in the different ﬂuxes is indicated by the thickness of the colored links; the
amount of carbon stored in the different stocks is indicated by the thickness of the
circle  frame pointing inwards. The circle frame of the atmosphere points outwards
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Fig. 4. Spatial distribution of tropical forest fragments in the Amazon Forest andecause carbon moves from the atmosphere to the forest. (For interpretation of the
eferences to color in this ﬁgure legend, the reader is referred to the web version of
his  article.)
nowledge with remote sensing data on forest patch structures
Pütz et al., 2014). This analysis of the long-term dynamics of
orest fragments in South America (i.e., long-term carbon loss
er fragment for different fragment sizes) revealed that small
ragments lose approximately 50–60% of the aboveground carbon
tored in living trees. This study provides a ﬁrst estimate of land
arbon losses of about 0.25 Pg C per year due to forest fragmenta-
ion in the tropics (see Fig. 4; Pütz et al., 2014). Losses caused by
ragmentation contribute approximately 25% to the total carbon
oss due to land use change and are therefore important for a
omprehensive understanding of the role of vegetation dynamics
ithin the global carbon cycle (Pütz et al., 2014).
The example of FORMIND shows how additional process-based
lements can be implemented into forest gap models. To conclude,
he structural realistic description of tree-related processes has
arious advantages: (1) processes and parameters have a physi-
al or physiological interpretation, (2) model parameters can be
easured in ﬁeld experiments, and (3) model structure is ﬂexi-
le enough to adapt processes to new circumstances (e.g., climate
hange) or to include new processes (e.g., logging). The process-
ased and individual-based approach of FORMIND allows the
alculation of gross primary production and respiration of forests,
hich is not possible with classical gap models. This offers the pos-ibility of quantifying the carbon ﬂuxes of forests at different scales
nd linking these ﬂuxes to dynamics in the forest. This is a result
f the individual-based structure of forest gap models, which is
he basis for linking forest carbon balance to tree competition. Intheir estimated carbon loss due to fragmentation. Color ranges indicate the relative
carbon loss due to fragmentation, which was estimated using the FORMIND model
(Pütz et al., 2014).
addition, the individual-based approach allows integrating various
types of disturbance regimes.
3. Current and future applications of forest gap models
Having summarized how a forest gap model has been developed
for the tropics over the last decades, we now provide a brief outlook
on new applications.
Forest gap models can be used to study the relationship
between forest productivity and tree species diversity (Morin et al.,
2011). Recent studies have shown that forest productivity typically
increases with increasing tree species diversity (e.g., Morin et al.,
2011; Zhang et al., 2012; Vilà et al., 2007). However, several studies
show unchanged or even inverse relationships between produc-
tivity and diversity (e.g., Jacob et al., 2010; Cavard et al., 2010).
Following the study of Morin et al. (2011), we extended this method
to study a broader range of diversity-productivity relationships.
Instead of long-term simulations, thousands of different virtual
forest stands have been generated, combining different species
mixtures with various forest structures (e.g., different basal area
values or heterogenic tree heights). For each of these virtual forest
stands, forest productivity can be calculated using forest gap mod-
els. The obtained diversity - productivity relationships can then be
compared to ﬁeld studies. This new way of using a forest gap model
as an analysis tool of virtual forest stands enables a much faster
analysis of numerous forests compared with the classical method
of simulating forest successions.
Parameter estimation in forest gap models is a challenging pro-
cess. Manual calibration and sensitivity analysis of these models
require a large number of simulations, leading to a time-consuming
computational demand. Thus, for the automatic calibration of
uncertain parameters, when direct measurements are missing or
made under speciﬁc conditions (e.g., climate, soil), a collection
of rapid stochastic search methods have been developed (Tolson
and Shoemaker, 2007) and applied in FORMIND (Lehmann and
Huth, 2015). These methods automatically minimize the difference
between simulation results and ﬁeld observations by running the
model a thousand times. Additionally, for the assessment of param-
eter uncertainty, approximate Bayesian methods can be used in
combination with a Markov chain Monte Carlo approach (Hartig
et al., 2011). These methods can also be used for forest sites where
a limited number of observations in time and space are available.
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fter careful examination of the model and available observation
ata, a combination of manual and automatic calibrations leads to
he successful parameterization of forest gap models.
A very recent and promising application of forest models is
n combination with remote sensing data. Techniques such as
adar (Radio detection and ranging) and Lidar (Light detection and
anging) are capable of measuring the 3D-structures of forests.
owever, the intrinsic attributes of the forests, such as biomass,
an only be estimated indirectly with remote sensing based on
mpirical relationships (e.g., Drake et al., 2002; Asner, 2009; Lefsky
t al., 2002). The calibration of such relationships has long been
imited by the availability of ﬁeld data and the spatial resolution
f remote sensing data, especially in the tropics. Synthetic for-
st inventory data generated by forest models provide a novel
pproach to explore forest structures and develop new concepts for
emote sensing (Palace et al., 2015). To this end, the full function-
lity of an individual-based forest model might be used, including
he simulation of disturbances, topographic variability and carbon
uxes (Shugart et al., 2015). The classical method is to use remote
ensing data to set the initial state of forest models. Here, forest gap
odels are used the other way around to calibrate remote sensing
roducts by creating virtual remote sensing ﬂights over simulated
orests. So far, FORMIND has served to investigate the relationship
etween canopy height and aboveground biomass as a function of
patial scale (Köhler and Huth, 2010). In the near future, FORMIND
ill also be used to improve the understanding of the relation-
hip between forest structure and other ecosystem functions, e.g.,
orest productivity. Until now, remote sensing efforts toward the
etection of changes in biomass content in the tropics have been
estricted to a few sites (Dubayah et al., 2010; Englhart et al., 2013;
eyer et al., 2013). By using forest models, general principles might
e found, on which one might base new remote sensing applica-
ions.
. Discussion
Finding an acceptable balance between model simplicity and
equired complexity is a classic challenge in ecological modelling
Grimm et al., 2005; Evans et al., 2013). In this review, we  showed
ow the FORMIND model could achieve this balance by com-
ining the gap approach with fundamental ecological processes.
he individual-based structure of forest gap models allows the
odeling of structural realistic concepts that are based on ﬁeld
easurements at different organizational levels (e.g., leaves, trees,
orests). Forest ecosystem functions (e.g., productivity) and forest
Fig. 5. Study sites to which the FORMIND model family has beenlling 326 (2016) 124–133
structure (e.g., tree size distribution) emerge from individual trees
and their interactions. Using the forest gap model FORMIND as
an example, it was demonstrated that whenever a new ecologi-
cal pattern was  investigated, the basic concept of the model did
not change; rather, a new module was  added. The use of the same
model, but with the addition of modules instead of the construction
of new models for different applications, allowed a rigid compar-
ison of results and fostered theory development. In particular, we
highlighted the advances that have been made in the ﬁelds of (1)
species aggregation using PFTs, (2) modeling the impact of natural
and anthropogenic disturbances on ecosystem functions and forest
dynamics, and (3) upscaling carbon dynamics from photosynthesis
at the leaf level to the forest ecosystem level.
Such extensions have led to a modular architecture of forest
gap models, which allowed FORMIND to be successfully applied
to different forest sites worldwide during the last two decades
(Fig. 5). This modular architecture began with the development of
logging routines to simulate the impact of tree harvesting on for-
est structure. Later applications provided insights into the role of
forest fragmentation within the global carbon cycle. In particular,
the individual-based structure of gap models facilitates modelling
the impact of disturbances, such as logging, on forest dynamics.
Studies on the effects of human activities and recently, changing cli-
matic conditions, have motivated extensions of FORMIND toward
a complete forest carbon balance model.
In summary, during the last two decades, FORMIND has shown
that forest gap models can be applied to tropical forest sites
and that such models are capable tools to provide answers to
questions related to species richness, natural and anthropogenic
disturbances, and carbon balance (Fig. 6; a full list of all FORMIND
related publications can be found in Appendix A). We envision a
strong potential of forest gap models in the future, i.e., with respect
to the coupling of these models to remote sensing data due to the
increasing availability of various products and new missions.
Forest gap models such as FORMIND, ForClim (Bugmann and
Solomon, 2000), FAREAST (Yan and Shugart, 2005), and ZELIG
(Urban et al., 1991) are usually applied at the local scale (e.g.,
hundreds of hectares), although most of them can simulate forest
dynamics for a wide range of different environmental conditions.
In contrast, dynamic global vegetation models (DGVMs) have been
designed to simulate forest dynamics at a regional to global scale
(e.g. LPJ-DGVM or SEIB–DGVM: Sitch et al., 2003; Sato et al., 2007),
but are limited by necessary simpliﬁcation of ecological processes.
Note that forest gap models and DGVMs have been developed to
address different research questions. While forest gap models focus
 applied (including also applications beyond the tropics).
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Fig. 6. Overview of studies using models of the FORMIND model family. Publications are ordered by research ﬁeld and study region. A full list with all publications can
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pe  found in the Appendix A including the speciﬁc research topic, study region an
emperate forests and grasslands. Publications of the related FORMIX model are sho
n reproducing forest structure and dynamics at the local scale,
GVMs have been used to project global change in vegetation
over and aboveground carbon stocks at coarse resolution (Sitch
t al., 2003). At the global scale, DGVMs have to reduce species
iversity to a few broadly classiﬁed plant functional types (PFTs).
or example, in most DGVMs, only one dominating PFT is used to
escribe tropical forests at the cost of a realistic reproduction of for-
st succession. Attempts to include the individual-based approach
nto DGVMs have already been made, for example, in the SEIB-
GVM model (Sato et al., 2007) and the LPJ-GUESS model (Hickler
t al., 2012; Wårlind et al., 2014). However, large-scale applica-
ions could still beneﬁt from embedding more concepts of forest
ap models into the DGVM framework. Landscape forest models
uch as LandClim (Schumacher et al., 2004; Schumacher, 2004) try
o transfer the gap model concept to landscapes (e.g., for 10,000 ha)
ncluding explicit position of gaps and seed dispersal (similar to
ORMIND). This type of approach has potential to be applied also on
arger scales at the cost of increasing simulation times. To describe
he impact of disturbances (e.g., ﬁre, logging) or land-use change
n forests across spatial scales the individual-based approach of
ap models is a strong advantage. For future model developments
nd large-scale applications, we suggest developing methods for
pscaling local gap models or embedding forest gap models in
GVMs (see also Snell et al., 2014).
The individual-based approach of forest gap models offer a high
egree of ﬂexibility to be adapted to different environments (e.g.,
emperate, sub-tropical, cloud forests) or even other ecosystem
ypes (e.g., temperate grassland; Taubert et al., 2012; Cofﬁn and
auenroth, 1990). This high ﬂexibility has motivated the increas-
ng number of simulation studies using forest gap models like
he FORMIND model (Fig. 5). During the development of forest
ap models, extensive knowledge has been gathered on modelling
rocesses in forests, their parameterization and resulting modelst type. ‘Additional applications’ include FORMIND model versions developed for
 italics.
behavior. For the evolution of such complex simulation models, this
learning process has been highly relevant. As a side effect, future
model applications have already been initiated (e.g., link to remote
sensing), which in turn might feed back into the design of new ﬁeld
experiments and monitoring studies, or hypothesis building in for-
est ecology. Therefore, both ﬁeld experiments as well as theoretical
forest ecology might beneﬁt from the application of forest gap mod-
els. This closer connection promotes a better understanding of the
role of complex forest ecosystems on Earth, which in future will
become more relevant to a society under global change.
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